Tannins are naturally occurring water-soluble polyphenols with variable molecular weights, and differ from most other natural phenolic compounds because of their ability to precipitate proteins from solutions [29] . Although tannins have a wide range of applications, high concentrations of these compounds in water, soil, feed, food, and beverages can cause serious problems [21] . Yet, such problems can be conveniently reduced by biological treatment with tannase or tannase-producing microorganisms [13] .
Tannase (tannin acyl hydrolase; E.C. 3.1.1.20) catalyzes the hydrolysis of the ester bonds present in gallotannins, complex tannins, and gallic acid esters [5] . The principal applications of tannase include the elaboration of instantaneous tea and gallic acid production from natural sources [24] . Moreover, the enzyme can be used to remove the negative effects of tannin in food and beverages without any loss of antioxidant activity [25] . However, despite the ability of tannase to reduce the soil and water pollution caused by tannery effluents, the practical use of this enzyme is presently limited because of high production costs [4] .
The commercial production of tannase currently uses filamentous fungi from the genus Aspergillus, but novel sources of this enzyme are being investigated [32, 34, 35] . Cruz-Henández et al. [16] reported on the isolation of microorganisms growing on tannin-rich plants from the Mexican semi-desert, and found several strains capable of producing high amounts of tannase. The tannase from one of these strains (A. niger GH1) has been purified, and characterization studies suggest that it has potential for biotechnological applications [28] .
Tannase production has already been studied using both submerged and solid-state fermentations (SmF and SSF), resulting in several authors reporting important advantages of SSF for the production of tannase, including the extracellular nature of the enzyme and higher titers and yields of enzyme production [1, 2, 45] . In addition, SSF allows the construction of more compact reactors with less energy consumption, water consumption, and effluent discard, thereby reducing the impact on the environment [23, 45] .
With the catalytic properties of tannase attracting interest in its production, a number of papers have recently been published that deal with the optimization of solidstate fermentation systems for the production of this enzyme [9, 12, 27, 33, 36, 39, 42] . In almost all cases, the optimization was carried out by changing one independent variable, while keeping the other variables at a fixed level. However, this method is very time consuming and requires a large number of experiments to determine the optimum levels. Moreover, this approach does not include the interactive effects among the variables, making the results unreliable [18] .
In contrast, statistical optimization allows the interactions among possible influencing parameters to be evaluated with a limited number of experiments. Designing specific experiments using a statistical model minimizes the error in determining the effect of parameters, and the results are achieved in an economical manner [7] . The successive utilization of a Plackett-Burman design and response surface methodology (RSM) for screening and optimizing process parameters is already widely used for optimizing biological processes [37] .
Accordingly, this study used statistical models to optimize the parameters for tannase production by A. niger GH1 in SSF, using polyurethane foam (PUF) as the inert carrier in a packed-bed bioreactor.
MATERIALS AND METHODS

Microorganism and Inoculum
Aspergillus niger GH1 (UAdeC-DIA collection) was utilized for the production of tannase. This strain was previously isolated from creosote bush (Larrea tridentata) leaves and characterized based on its tannin-degrading capacity [16] . The fungal spores were stored at -50 o C in a cryoprotector medium composed of glycerol and skim milk. The fungus was then propagated by transferring the conserved spores to Erlenmeyer flasks with a potato dextrose agar and incubating at 30 o C for 5-10 days. The inoculum was prepared by adding 0.01% (v/v) Tween 80 and scraping with a magnetic stirrer. The spores were counted in a Neubauer chamber before inoculation.
Solid-State Fermentation
High-density PUF (Expomex, Saltillo, Mexico) was used as an inert support for the SSF. The PUF was ground in a domestic cutter (Moulinex, Ecully, France) and sieved to a 1.68-3.36 mm particle size. The ground PUF was then washed twice with hot water and once more with cold water, as previously reported by Zhu et al. [46] . Finally, the clean support was dried at 60 o C for 48 h. The culture medium was based on a Czapeck-Dox broth, but using tannic acid as the sole carbon source and inducer. The salts were dissolved in distilled water, as indicated by the experimental design. The salt solution was autoclaved at 121 o C for 15 min, cooled to room temperature, and tannic acid was added; the pH was adjusted with 1 M NaOH or 1 M H
3
PO
4
, and the culture medium filter-sterilized through a 0.45 µm nylon membrane.
The culture broth was inoculated with 1 × 10
7
A. niger spores per ml, and 10.5 ml of the inoculated medium was mixed with 4.5 g of the ground and dried PUF. The material was then homogenized, packed (77.4 g of PUF/l) into a column bioreactor plugged with cotton at the top (23 mm I.D. and 180 mm height, with 6 mm I.D. inlet of air in the bottom), and incubated at a controlled room temperature for 72 h. The air flow was controlled with a needle valve system and measured using a bubble flow meter (Fig. 1) .
Crude Extract
After the incubation time, the fermented material was retrieved from the bioreactor and mixed with 10.5 ml of an acetate buffer (50 mM; pH 5). The fermented material was then compressed using a sterile syringe to obtain the enzymatic extract. This crude extract was filtered first through Whatman 41 filter paper and then through a 0.45 µm nylon membrane.
Optimization of Tannase Production
The optimization of the tannase production was carried out in two stages. First, the effects of 10 variables on the tannase production were determined using a Plackett-Burman experimental design. Second, the factors that had a significant effect on the tannase production were optimized using a Box-Behnken design. Screening of significant factors using Plackett-Burman design. The Plackett-Burman experimental design consisted of a set of 12 treatments with three replications; this experimental design was used to determine the relative significance of 10 factors on the tannase production by A. niger GH1 in the case of SSF. The factors or independent variables considered in this study included the carbon source (tannic acid concentration), salt concentration (K the extracellular tannase production, which was measured using the spectrophotometric method proposed by Sharma et al. [44] .
In this experiment, the lowest level for each salt was the concentration in the commercial Czapeck-Dox broth, whereas the highest level was double the normal concentration. The lowest and highest tannic acid concentrations, incubation temperature, and initial pH were determined based on previous studies, and the aeration rate and inoculum age were fixed arbitrarily. The levels were coded as -1 and +1; the coded and uncoded values are given in Table 1 , and the experimental matrix is shown in Table 2 . Optimization of critical factors using Box-Behnken design. The factors that significantly affected the tannase production according to the Plackett-Burman statistical design (tannic acid concentration, initial pH, and incubation temperature) were then optimized following the methodology proposed by Box and Behnken [14] . Three different variables at three levels and three central points were evaluated in 12 different trials (Table 3) .
For this experiment, the highest level (+1) and lowest level (-1) were the same as in the Plackett-Burman design, and the central level (0) was the middle point between the highest and lowest levels. The factors that did not affect the tannase production according to the Plackett-Burman statistical design, such as the concentrations of the different salts, were used at their lowest and more economical level. The 15 experimental trials for the Box-Behnken design are shown in Table 3 . The Box-Behnken design had four replications.
Tannase Production Under Optimal Conditions
The statistical model was validated by conducting the SSF under optimal conditions. The fermentation kinetics were monitored at 8 h intervals for 72 h, along with the tannase activity and protein concentration. As an indirect measure of the fungal growth, the concentration of CO 2 in the outlet air was quantified using a homemade electronic device. This experiment was carried out with two replications.
Tannase Assay
The tannase activity was measured using the methanolic rhodanine method [44] . Methyl gallate prepared in a 0.05 M citrate buffer (pH 5) was used as the substrate, and a 0.05 M citrate buffer (pH 5) was employed as the control. For the color reaction, methanolic rhodanine [0.67% (w/v)] and 0.5 M KOH were used, and the absorbance of the developed color was measured at 520 nm. One unit of tannase was defined as the amount of enzyme able to release one µmol of gallic acid per minute under the assay conditions. 
Statistical Analysis
The tannase activity data from the Plackett-Burman and BoxBehnken designs were subjected to an analysis of variance using Statistica 7.1 software (Statsoft, Tulsa, OK, USA) to identify the variables with a statistically significant effect. In addition, the BoxBehnken design data were also subjected to a multiple regression analysis. The regression coefficients for the linear, quadratic and linear interactions for each variable were adjusted to a polynomial second-order equation (Eq. 1).
where y = the tannase activity (U/l); A, B, and C are the coded levels of tannic acid, the initial pH, and incubation temperature, respectively; and β i is the regression coefficient for each variable. This mathematic model was optimized using the solver application of Microsoft Excel Office 2007 (Microsoft, Redmond,WA, USA).
RESULTS AND DISCUSSION
Screening of Significant Factors Using Plackett-Burman Design A set of 12 runs were conducted to indentify the factors that significantly affected the tannase production in the case of SSF. The means of the results obtained from the Plackett-Burman experiment are shown in Table 2 . An analysis of variance (Table 4) indicated that only three (tannic acid concentration, initial pH, and incubation temperature) of the 10 independent variables evaluated significantly (95% confidence level) affected the tannase production by A. niger GH1 in the solid-state fermentation. These results are presented in a Pareto standardized effects chart (Fig. 2) .
None of the salts in the culture medium had a significant effect on the tannase production, possibly because the salt requirements of the Aspergillus were met by the composition of salts in the Czapeck-Dox broth. Furthermore, the high levels of salts had no inhibitive effect on the growth or enzyme production by A. niger GH1, indicating the salt tolerance of this strain.
A small decrease in the tannase activity was recorded when increasing the air flow rate, probably due to a humidity loss; however, this effect was not statistically significant. The inoculum age did not significantly affect the tannase production, although Kar et al. [20] previously reported that the age of the inoculum was a key factor affecting tannase production. Therefore, since three variables, namely the tannic acid concentration (A), initial pH (B), and growth temperature (C), were found to have a significant effect on the tannase production, their optimal levels were then determined using a response surface methodology.
Optimization of Critical Factors Using Box-Behnken Design
To evaluate the quadratic effects and interaction between the variables, a Box-Behnken statistical design was employed. The means of the results obtained from the Box-Behnken experiment are shown in Table 2 . An analysis of variance (Table 5) confirmed that the tannic acid concentration, initial pH, and incubation temperature all had a linear effect on the tannase production. Furthermore, the quadratic effect of the tannic acid concentration and incubation temperature, plus the interaction between the tannic acid concentration and pH, were also found to be statistically significant at a 95% confidence level.
The data obtained were analyzed using a multiple regression, and the following mathematical model was obtained (Eq. These tendencies can also be observed in the response surface plots shown in Fig. 4 .
The tannic acid concentration had a positive effect on the tannase production, as tannic acid is already wellknown as an inducer of tannase production. Although the induction and repression mechanisms for tannase production are not yet clearly understood, a high concentration of tannic acid has been established to improve tannase production. A. niger strains have been reported to be capable of growth in a high concentration of tannic acid (up to 100 g/l) in SSF without any detrimental effect on growth or tannase production [1, 2] .
However, several previous studies have reported an optimal concentration of 25-50 g/l of tannic acid for tannase production by Aspergillus species in the case of SSF [9, 38, 41] and 20-50 g/l in the case of SmF [15, 43] . In the present study, the highest tannase production was reached with 50 g/l of tannic acid as the sole carbon source, plus the response surface plots suggested that even more tannase production could be obtained when increasing the tannic acid concentration further (Fig. 4) .
Increasing the initial pH had a negative effect on the tannase production. In this study, the optimal initial pH for the production of tannase by A. niger GH1 was found to be 4.0, whereas the optimal pH for tannase production by Aspergillus species (A. foetidus, A. ruber, A. niger, and A. fumigatus) in SSF has been found to be between 5.0 and 5.5 [22, 27, 31, 43] . The high tannase production with a low pH value in the present study could have been related to an electrostatic interaction between the enzyme and the PUF. Notwithstanding, a low initial pH value for the optimized medium represents a technical advantage, as it avoids the need for adjusting the pH value with alkalis, thereby reducing the preparation time and possibility of contamination.
The optimal temperature previously reported for the maximal production of tannase in SSF was between 25 and 34 o C for A. niger, A. acuelatus, A. fumigatus, Lactobacillus sp., Rhizopus oryzae, and Paecilomyces variotii, [8, 9, 12, 19, 23, 27, 40, 41] . Owing to the origin of this fungal strain, it has been hypothesized that it needs a high temperature for optimal growth. However, the current results showed that the maximal tannase production was reached at a relatively low growth temperature. This low temperature for incubation could be a technical advantage for industrial production, owing to low energy requirements. The decrease in the tannase production at higher temperatures could have been related to water loss due to evaporation or thermal denaturation of the enzyme.
Tannase Production Under Optimal Conditions
To validate the statistical model, the SSF was carried out under optimal conditions, and the tannase and CO 2 were measured continuously. The means of these measurements are plotted in Fig. 5 . An analysis of the exhaust air from the packed-bed bioreactor showed a rapid increase in the CO 2 concentration as a result of fungal metabolic activity after 10 to 15 h of incubation, followed by a decrease after 16 to 20 h of incubation. The data were integrated against time and the production of CO 2 was calculated as the total grams of CO 2 per liter of culture broth (Fig. 5 ). This data analysis clearly showed the presence of a lag phase of about 8 h, followed by a short exponential growth phase. After 16 h of incubation, growth deceleration began, and after 20 h, the fungus reached the stationary growth phase. As commercial tannic acid is a mixture of polygalloyl esters of glucose of varying molecular weights and can contain significant amounts of free gallic acid and glucose [10] , the initial fungal growth may have been related to the presence of these easily assimilable carbon sources, as suggested by the low titers of enzyme activity. The deceleration of fungal growth may have been associated with the exhaustion of the monomers and the initial hydrolysis of gallotannins, as suggested by the increase in tannase activity.
The tannase measurement profiles (Fig. 5) showed a continuous increase in enzymatic activity from 16 to 48 h of incubation, followed by an appreciable decrease at 56 h. Thereafter, the tannase activity reached maximum production again at 72 h. This enzymatic profile does not correlate with the classical models of product accumulation proposed by Luedeking and Piret [26] . It is assumed that the variation in the enzyme production was due to proteolytic activity or a delay in the release of the mycelium-bound tannase [3, 11] . However, more detailed experiments are needed to confirm these assumptions.
Based on the current results, it was found that the maximal tannase production in the culture broth was reached during the stationary phase. Therefore, it can be concluded that the tannase production was not directly associated with fungal growth. Mondal et al. [30] also observed that the maximal accumulation of tannase occurred during the stationary growth phase of Bacillus cereus in SmF. Conversely, Ajay Kumar et al. [6] reported that the maximum tannase production by Citrobacter freundii was during the exponential phase of growth.
Here, the maximal tannase activity obtained under optimal conditions (7,955 ± 798 U/l) was significantly higher than Fig. 4 . Response surface plot of tannase production as function of pH and tannic acid concentration at optimal temperature (A), temperature and tannic acid concentration at optimal pH (B), and temperature and pH at optimal tannic acid concentration (C). the value predicted by the model (6,359 ± 318 U/l), where the difference between the experimental and predicted data may have been related to poor fitting of the mathematical model. However, even though the equation did not provide a reliable method for predicting the tannase production, the model was still useful for determining the conditions for the maximum production of tannase within the present experimental range.
Several studies have already attempted to optimize fermentation systems for tannase production. Raaman et al.
[36] obtained a 1.23-fold increase in extracellular tannase production by Paecilomyces variotii by changing one factor at a time. Das Mohapatra et al. [17] reached a 2.18-fold increase in tannase production by Bacillus licheniformis using the Taguchi method. Sharma et al. [43] also optimized tannase production by A. niger using an RSM and obtained a 2.01-fold improvement in enzyme production. In the present study using a two-stage statistical strategy, the tannase activity was increased 1.97-fold compared with the values obtained under the minimal conditions (run 12 of the Plackett-Burman design).
In conclusion, it is important to note that a significant increment in the tannase production by a wild strain of A. niger in SSF was obtained by manipulating the culture conditions using a two-stage statistical design. The use of a Plackett-Burman design allowed identification of the key factors that significantly affected the tannase production. These key factors were then successfully optimized using a response surface methodology. This two-stage statistical strategy led to a 1.97-fold increase in enzyme activity over that with the initial growth conditions. The highest tannase production was obtained at a relatively low temperature of 30 o C, pH 4.0, and high concentration of tannic acid (50 g/l) as the carbon source. The production profile under the optimized conditions revealed that the tannase production was not associated with growth, and the maximal enzymatic activity was achieved during the stationary phase. Consequently, these findings can provide a basis for the industrial scale-up of solid-state fermentation processes in packed-bed bioreactors for fungal tannase production.
